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TECHNICAL  REPORT 


Abstract 

Vanadium  dioxide  (VO2)  undergoes  a  sharp  metal-insulator  transition  (MIT)  in  the  vicinity  of 
room  temperature  and  there  is  great  interest  in  exploiting  this  effect  in  novel  electronic  and 
photonic  devices.  We  have  measured  the  work  function  of  VO2  thin  films  across  the  phase 
transition  for  the  first  time  using  variable  temperature  Kelvin  force  microscopy  (KFM).  The 
work  function  of  VO2  is  estimated  to  be  ~  5.15  eV  in  the  insulating  phase  and  increases  by  ~ 
0.15  eV  across  the  MIT.  We  further  show  that  the  work  function  change  upon  the  phase 
transition  is  highly  sensitive  to  near-surface  stoichiometry  studied  by  X-ray  photoelectron 
spectroscopy.  The  results  are  pertinent  to  understanding  fundamental  electronic  properties  of 
vanadium  oxide  as  well  as  charge  injection  phenomena  in  solid  state  devices  incorporating 
complex  oxides  containing  multi-valent  cations. 
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The  mechanisms  governing  metal-insulator  transition  (MIT)  in  vanadium  dioxide  (VO2) 
is  an  intensively  explored  subject  in  condensed  matter  sciences.1  While  electron-electron 
interactions  leading  up  to  the  Mott  interaction  may  cause  the  transition,  structural 
transformation  which  occurs  concurrently  with  MIT  at  ~  340  K  opens  another  possibility, 
Peierls  instability.  '  The  phase  structure  of  VO?  changes  from  rutile  to  monoclinic  under 
cooling  accompanied  by  cell  size  doubling  and  tilted  V-V  pair  formation,  possibly  leading  to 
band  gap  opening.  There  is  substantial  technological  interest  in  exploiting  the  ultrafast  phase 
transition  in  advanced  electronics  and  optoelectronics.4’7  It  is  to  be  noted  however  that  the 
elementary  electronic  properties  of  VO2  such  as  intrinsic  carrier  concentration,  work  function, 
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and  dielectric  properties  in  thin  film  structures  have  not  yet  received  much  attention.  The 
existence  of  multiple  valence  states  of  V  complicates  the  material  chemistry  and  in  particular 
controlling  surface  stoichiometry  is  of  paramount  importance.9  Surfaces  may  contact 
electrodes  and  hence  affect  barriers  for  charge  injection,  and  in  many  devices,  the  near¬ 
surface  regions  may  serve  as  channel  layers  and  carrier  concentration  is  of  critical  importance. 
The  work  function,  0,  defined  as  an  amount  of  energy  required  to  extract  an  electron  from 
Fenni  energy  level  of  material  surface  to  vacuum  is  crucial  to  design  electronic  devices  such 
as  metal-oxide  junctions  and  field-effect  devices.10  Also  by  measuring  0  across  transition 
boundary,  the  surface  phase  transition  characteristics  can  be  studied.11  Kelvin  force 
microscopy  (KFM)  has  been  used  to  investigate  0  variation  driven  by  MIT  on  the  surface  of 
VO2  thin  films  in  this  work  for  the  first  time. 

In  this  letter,  we  report  0  values  of  VO2  as  a  function  of  temperature  spanning  the  phase 
transition.  Also,  we  observed  two  important  facts  by  systematic  temperature-variable  KFM 
studies  along  with  detailed  conduction  transport  measurements  and  X-ray  photoelectron 
spectroscopy  (XPS):  1)  0  of  VO2  film  surface  increases  with  raising  temperature,  T,  across 
phase  boundary  and  2)  the  phase  transition  characteristics  in  the  near-surface  region  of  VO2 


films  are  clearly  differentiated  from  those  of  VO2  film  bulk  due  to  stoichiometry  variation 
from  surface  to  film  interior.  In  addition,  it  was  also  observed  that  the  degree  of  MIT-induced 
variation  in  both  0  and  a  of  VO2  films  are  substantially  affected  by  oxygen  stoichiometry. 

Highly  textured  vanadium  dioxide  films  were  grown  on  single  crystal  AI2O3  (0001) 
substrates  by  RF-sputtering  from  a  VO2  target  (99.5%,  AJA  International  Inc.).  During 
synthesis,  the  substrate  temperature  and  RF-source  power  were  set  as  550°C  and  150  W 
respectively.  The  process  gas  pressure  was  kept  at  10  mTorr  using  Ar  and  oxygen  gas 
mixture  whose  oxygen  content  was  controlled  in  detail  to  prepare  a  set  of  VO2  samples  of 
different  oxygen  stoichiometry.  For  this  work,  three  representative  samples  (thickness  ~ 
200nm)  deposited  with  oxygen  content  of  ~  1.75%,  ~  1.25%,  and  ~  1.10%  were  chosen  and 
labeled  as  A,  B,  and  C  respectively  henceforth.  The  resistivity,  p,  of  VO2  films  was  measured 
varying  T  on  the  devices  where  VO2  films  are  patterned  by  photolithography  and  Cr/Au 
electrodes  are  coated  by  thermal  evaporation  using  four-probe  methods  in  an  environmental 
probe  station  equipped  with  a  heating  stage  whose  T  is  calibrated  with  thennocouples 
carefully.  In-depth  XPS  profiling  was  performed  on  SSX-100  ESCA  XPS  system  using  A1 
Ka  x-ray  source  (1.4866  keV)  and  Ar  ion  sputtering  in  ultra-high  vacuum  condition. 

KFM  was  performed  using  Pt-coated  conducting  tips  (MikroMasch  DPER14)  on  Asylum 
MFP-3D  atomic  force  microscopy  (AFM)  system  including  a  heating  stage  module  in  the  T 
range  from  300  K  to  368  K  in  the  ambient  environment.  KFM  is  a  scanning  probe 
microscopy  technique  to  measure  contact  potential  difference  (CPD)  and  topography 
simultaneously  with  a  high  lateral  resolution  (<  50  rnn)  as  well  as  a  high  CPD  sensitivity  (< 
0.1  mV).  One  of  the  benefits  of  KFM  technique  over  other  area-averaged  methods  such  as 
photoemission  spectroscopy  is  that  accurate  0  measurement  is  enabled  by  selective 
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scanning.  Also,  the  high  resolution  of  CPD  and  spatial  dimension  make  it  possible  to 
estimate  the  work  function  of  nano-scale  features.14  As  a  control  for  our  measurement 


reported  in  this  letter,  a  Si-based  reference  structure  was  tested  and  the  accuracy  of  0  was 
estimated  as  ~  0.02  eV.  30  nm-thick  Au/Cr  layer  including  windows  of  2  x  0.2  mm  was 
coated  on  VO?  films  and  used  as  grounded  reference  for  0  calibration.  The  samples  were 
cleaned  with  acetone  (ultrasonic)  and  isopropyl  alcohol  prior  to  measurements.  To  estimate  0 
of  VO?,  CPD  was  scanned  across  the  interface  between  the  reference  Au  surface  and  the 
uncoated  VO?  film  region.  The  scan  region  has  a  rectangular  shape  of  24  x  1.5  pm  size  for 
full  saturation  of  CPD  in  both  sides.  The  tip  height  from  the  surface  was  maintained  to  be  15 
nm.  At  each  T,  KFM  scans  were  conducted  continuously  for  at  least  4~5  hours  until  the 
thennal  drift  is  eliminated  and  surface  potential  is  stabilized. 

By  measuring  p  as  a  function  of  T  spanning  the  transition  regime,  the  MIT  characteristics 
of  bulk  region  of  VO2  films  can  be  investigated  since  the  measured  p  is  mostly  detennined  by 
the  conductance  of  bulk  of  the  film.  The  p  vs.  T  plots  measured  from  the  samples  A-C  are 
summarized  in  fig.  1  with  an  inset  including  the  schematic  image  of  the  patterned  device  for 
electrical  transport  characterization  by  four  terminal  measurements.  Sample  A  shows  a  sharp 
transition  with  the  largest  resistivity  ratio  of  four  orders  via  transition  to  metallic  phase 
indicating  that  the  average  nominal  film  stoichiometry  is  closest  to  that  of  VO2.  On  the  other 
hand,  the  transition  in  sample  B  is  relatively  less  sharp  and  with  a  lower  transition 
temperature  indicating  that  sample  B  includes  more  portion  of  phases  of  lower  oxidation 
states  as  compared  with  sample  A.9  Sample  C  is  observed  to  have  only  metallic  characteristic 
in  the  whole  T  range  without  evident  transition.  This  trend  is  to  be  expected  considering  that 
sample  A  was  grown  with  optimal  gas  configuration  and  others  are  prepared  in  more  reduced 
environment  intentionally. 

Each  line  scanning  of  KFM  mode  is  composed  of  a  topography  scan  and  a  subsequent 
CPD  measurement.  The  measured  CPD  on  Au  (left)  and  VO2  (right)  side  are  equal  to  (0tip  - 
0Au)/e  and  (0tip  -  0voi)le  respectively  and  hence  the  0  difference  between  Au  and  VO2,  0au 


-  <Pvo2,  can  be  converted  from  CPD  between  Au  and  VCK  Fig.  2  shows  a  surface  topography 
map  (a)  and  a  series  of  CPD  images  ((b)  to  (e))  obtained  by  scanning  the  same  area  of 
sample  A  varying  temperature  along  with  the  corresponding  histograms  to  each  CPD  map  in 
(f).  The  topography  map  was  flattened  by  0th  order  polynomial  and  the  CPD  scan  images 
were  rescaled  setting  the  positions  of  the  all  histogram  peaks  corresponding  to  CPD  on  Au 
region  same  as  that  at  300  K  due  to  the  slight  fluctuation  of  surface  potential.  From  the 
distance  of  two  peak  positions  in  the  histogram  (i.e.  CPD  between  Au  and  VCB),  we  can 
extract  &V02  using  the  reported  &au  value  of  5.10  eV  15.  Surprisingly,  the  0yo2  of  sample  A 
surface  is  almost  constant  ~  5.17-5.18  eV  regardless  of  T  though  the  sharp  transition  was 
verified  in  terms  of  p  representing  film  bulk  properties.  This  result  represents  that  the  phase 
transition  does  not  necessarily  occur  in  the  surface  region  of  sample  A  due  to  the  existence  of 
more  oxidized  phase.  This  will  be  discussed  further  later.  The  contrast  of  KFM  resembling 
grain  structures  is  likely  due  to  the  existence  of  different  stoichiometric  phases  along  grain 
boundaries  rather  than  the  topographical  effect  as  also  observed  by  conductive  AFM.16 

On  the  other  hand,  as  displayed  in  fig.  3  (b)  to  (e),  slightly  oxygen-deficient  sample  B 
shows  a  significant  change  in  &vo2  as  T  increases.  This  can  be  seen  clearly  in  the  set  of 
histograms  displayed  at  varying  temperature  in  fig  3  (f),  0vo2  of  sample  B  is  observed  to 
increase  by  -  0.15  eV  via  MIT  under  heating  representing  the  major  phase  near  the  surface  is 
VO2  and  the  Fenni  energy  level,  EF,  is  shifted  down  with  respect  to  vacuum  due  to  the 
metallic  phase  formation.  In  the  case  of  sample  C  (KFM  images  not  shown),  the  increase  of 
0  is  smaller  as  ~  0.08  eV  over  the  same  temperature  range  indicating  the  fraction  of  VO2 
phase  on  sample  C  surface  is  relative  lower  than  that  on  sample  B  surface.  Though  sample  A 
shows  better  MIT  properties  of  the  bulk  film,  in  terms  of  both  morphology  and  surface  MIT 
functionality,  sample  B  could  be  more  interesting  for  VCF-based  devices  such  as  a  field-effect 
transistor  where  primarily  the  properties  of  narrow  channel  region  beneath  surface  are  critical 


for  device  performance.7  This  would  be  extremely  important  synthesis-related  knowledge  for 
VO?  devices. 

The  band  structure  of  both  monoclinic  and  rutile  VO2  phases  has  been  explored  by 
photoemission  studies  '  as  well  as  theoretical  calculations.  Accordingly,  the  change  of 
0  driven  by  MIT  is  discussed  using  the  energy  band  diagram.717’22  The  0  of  metallic  rutile 
VO2  phase,  0\u  equals  to  the  ionization  energy  of  metal  phase,  EM,  while  0  of  insulating 
monoclinic  VO2  phase,  0/,  is  expressed  by  0j  =  Ej  +  AEC  where  Ej  is  the  ionization  energy  of 
insulator  phase  and  AEC  is  the  energy  difference  between  the  bottom  of  conduction  band  and 
EF.  In  a  recent  photoemission  spectroscopy  study  on  VO2  films,  AEC  was  estimated  to  be  ~ 
0.1  eV  probably  due  to  the  existence  of  donor-like  oxygen  defects.19  Therefore,  using  our 
results  on  sample  B,  the  increase  in  ionization  energy  by  the  transition  to  metallic  phase  is 
estimated  to  be  in  the  Em  -  Ej~  0. 15-0.25  eV  range. 

In  fig.  4,  0  vs.  T  plots  obtained  from  all  samples  are  summarized.  The  inset  shows  the 
average  O  at  300  K  (square)  and  368  K  (triangle)  with  error  bars  of  standard  deviation,  which 
are  calculated  from  a  series  of  CPD  measurements  under  repetitive  heating  cycles  on  different 
regions  of  devices.  The  small  errors  in  ®  measurements  indicate  our  KFM  results  are 
reproducible.  By  comparison  with  p  data  in  Fig.  1  characterizing  bulk  film  properties,  we  can 
clearly  see  the  gap  between  MIT  characteristics  of  surface  and  bulk-region  of  VO2  films  and 
such  differences  in  surface  and  bulk  transition  characteristics  in  VO2  has  also  been  observed 

'■yi 

by  scanning  tunneling  microscopy  studies.-  The  gradual  transition  of  <I>  unlike  the  sharp 
jump  of  conductivity  is  likely  caused  by  non-uniform  stoichiometry  near  the  film  surface. 

To  understand  this  feature  further,  we  conducted  XPS  measurements  on  the  samples  as  a 
function  of  thickness.  The  O/V  stoichiometry  ratio  was  calculated  with  Ois  and  V2P3/2  peaks 
of  XPS  profiles  using  CasaXPS  software.  As  summarized  in  Fig.  5,  the  stoichiometry  for  the 
samples  is  observed  to  vary  as  a  function  of  depth  consistent  with  literature  reports.  At  the 


surface,  regardless  of  deposition  conditions,  the  O/V  stoichometry  is  close  to  2.5  (V2O5 
phase)  and  the  O/V  ratio  decreases  to  ~  1.8  with  different  decay  rates  depending  on 
deposition  conditions.  Sample  A  grown  with  the  highest  oxygen  content  shows  the  slowest 
decrease  rate  in  O/V  ratio  as  a  function  of  depth  verifying  the  greater  amount  of  VO2  phase  is 
present  in  sample  A  bulk  than  in  the  other  samples.  The  off-stoichimetry  in  sample  C  verifies 
the  poor  MIT  properties  as  observed  in  p  measurements.  To  consider  the  chemical  state  near 
surface  affecting  the  surface  phase  transition  feature,  the  stoichiometry  averaged  over  the 
Debye  screening  length  of  VO2  (~  5  nm)7  is  estimated  by  the  first  order  exponential  decay 
fitting  and  the  calculated  average  O/V  ratios  of  near-surface  regions  in  samples  A-C  are  ~  2.4, 
~  2.2,  and  ~1.8  respectively.  While  the  near-surface  stoichiometry  of  sample  A  is  close  to 
that  of  V2O5  phase  that  does  not  undergo  a  metal-insulator  transition,  O/V  ratios  of  the  other 
samples  are  close  to  2  (VO2  phase).  It  is  not  surprising  that  the  XPS  analysis  results  of 
samples  A-C  match  well  with  both  corresponding  &  and  p  characteristics. 

In  summary,  temperature-dependence  of  work  function  has  been  measured  in  VO2  thin 
film  surfaces  by  Kelvin  force  microscopy  for  the  first  time.  The  clear  change  in  work 
function  indicates  that  Fermi  energy  shift  occurs  during  MIT  resulting  from  the  surface  band 
structure  changes  upon  the  phase  transition.  By  comparing  work  function  and  electric 
conductivity  coupled  with  X-ray  photoelectron  spectroscopy  studies,  the  importance  of 
surface  stoichiometry  is  clearly  elucidated.  The  results  are  of  relevance  to  understanding  MIT 
phenomena  in  correlated  oxide  surfaces  and  highlight  the  role  of  surface  chemistry  in 
fabricating  devices  incorporating  compositionally  complex  oxides. 

Figure  captions 


Fig.  1.  Resistivity  vs.  temperature  plots  measured  from  samples  A-C  were  grown  with 


oxygen  content  of  ~  1.75%,  ~  1.25%,  and  ~  1.10%  respectively  with  an  inset  displaying  the 
picture  of  device  used  for  the  four  probe  conductivity  measurement. 

Fig.  2.  (a)  0th  order  flattened  surface  topography  map  and  (b)-(e)  contact  potential  difference 
(CPD)  scan  images  at  varying  temperatures  measured  on  the  identical  region  of  sample  A 
with  a  set  of  histograms  extracted  from  corresponding  CPD  maps  in  (b)-(e)  respectively.  The 
left  half  of  scanned  area  is  coated  with  ~  30  nm-thick  Au/Cr  layer  for  work  function  reference 
on  the  VO2  film. 

Fig.  3.  (a)  0th  order  flattened  surface  topography  map  and  (b)-(e)  contact  potential  difference 
(CPD)  scan  images  at  varying  temperatures  measured  on  the  identical  region  of  sample  B 
with  a  set  of  histograms  extracted  from  corresponding  CPD  maps  in  (b)-(e)  respectively.  The 
left  half  of  scanned  area  is  coated  with  ~  30  nm-thick  Au/Cr  layer  for  work  function  reference 
on  the  VO2  film. 

Fig.  (4)  Work  function  vs.  temperature  plots  measured  from  the  surface  of  samples  A-C  with 
an  inset  of  the  average  work  function  values  with  error  bars  representing  standard  deviation 
measured  at  300  K  and  368  K  under  repeated  heating  cycles  on  different  scanned  regions. 

Fig.  (5)  The  variation  of  O/V  stoichimetry  ratio  of  samples  A-C  as  a  function  of  depth  from 
VO2  film  surface  estimated  by  X-ray  photoelectron  spectroscopy.  Two  dashed  lines  indicate 
the  O/V  ratio  of  V2O5  (2.5)  and  VO2  (2)  phases. 
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